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Immature dendritic cells (DCs) are scattered through-
out peripheral tissues and act as sentinels that sample
the antigenic environment. After activation, they
modify their chemokine receptor profile and migrate
toward lymphoid tissues. On arrival, they have ma-
tured into chemokine-producing DCs that express co-
stimulatory molecules and can prime naive T cells.
Normal temporal arteries contain immature DCs that
are located at the media-adventitia border. In tempo-
ral arteries affected by giant cell arteritis, DCs are
highly enriched and activated and have matured into
fully differentiated cells producing the chemokines,
CCL18, CCL19, and CCL21. In keeping with their ad-
vanced maturation, DCs in the granulomatous lesions
possess the chemokine receptor, CCR7. CCR7 binds
CCL19 and CCL21, causing the highly activated DCs to
be trapped in the peripheral tissue site. The co-stim-
ulatory molecule, CD86, which is critical for DC/T-
cell interaction, is expressed by a subset of DCs
captured in the arterial wall. DC/T-cell interaction
does not involve interleukin-12; transcripts for in-
terleukin-12 p40 are absent in the vasculitic infil-
trates. We propose that differentiation of DCs and
the autocrine and paracrine actions of chemokines
in granulomatous lesions misdirect DCs away from
their usual journey to lymphoid organs and are
critical in maintaining T-cell activation and granu-
loma formation in giant cell arteritis. (AmJ Pathol
2002, 161:1815-1823)

Giant cell arteritis (GCA) is a granulomatous vasculitis
that preferentially targets medium- and large-size arter-
ies. Activated T cells and macrophages accumulate in
the arterial wall and induce a response-to-injury program
that causes lumen-occlusive intimal hyperplasia.’ Gran-
ulomatous microarrangements often include multinucle-
ated giant cells that align along the media-intima border.
Granulomas preferentially form in the tunica media and
correlate with profound, spatially restricted oxidative tis-
sue damage.?® Smooth muscle cells and infiltrating mac-

rophages and T cells in the media are targeted by lipid
peroxidation. Combined oxidative and nitrosative stress
leads to protein nitration in endothelial cells of medial
microvessels.*

T cells are mandatory for the generation of granuloma-
tous lymphoid microstructures. In GCA, selected CD4 T
cells undergo clonal expansion in the vascular lesions;>®
T-cell depletion disrupts vasculitis in an experimental
model of the disease.” The T-cell product, interferon
(IFN)-v, is a key cytokine in GCA. The anti-inflammatory
activity of aspirin is closely linked to its ability to suppress
the transcription factor, activating protein-1, which regu-
lates IFN-vy transcription,® and the chronicity of GCA in
corticosteroid-treated patients is because of the relative
sparing of IFN-y production by steroids.™ Concentra-
tions of tissue IFN-vy correlate with the degree of intimal
thickening, the extent of neovascularization, and the for-
mation of multinucleated giant cells.”™'? It is not known
how T-cell activation in the arterial wall is induced and
maintained nor has it been resolved which antigen-pre-
senting cells support the expansion of selected CD4
clonotypes in the vascular infiltrates.

Dendritic cells (DCs) are believed to be the principal
initiators of T-cell-mediated immune responses.'® ' They
possess numerous qualities that place them at the inter-
face of the innate and adaptive immune systems and in a
critical position to regulate T-cell function. Although many
cells can function as antigen-presenting cells, only DCs
can trigger naive T cells. Besides presenting exogenous
antigens, DCs also endocytose self-antigens and deter-
mine the fate of self-reactive T cells.’®'® Central toler-
ance of T cells in the thymus is mediated by thymic DCs
that facilitate negative selection of autoreactive T cells.
Continuous presentation of self-antigens by DCs in lym-
phoid organs is thought to underlie peripheral toler-
ance.'® Two models have been forwarded to explain the
dual role of DCs in stimulating T-cell immunity and pro-
viding tolerogenic signals.’”'® One model suggests that
distinct DC subtypes specialize in activating antigen-
specific T cells or removing self-reactive T cells from the
repertoire. The alternative model assumes that all DCs
have the capacity to induce immunity or tolerance and
that the outcome of DC/T-cell interaction depends on the
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Table 1. Antibodies Used for Immunohistochemistry

Specificity Species Dilution Vendor
S-100 Rabbit anti-cow 1:1600 DAKO, Carpinteria, CA
CD83 Mouse anti-human 1:1000 Research Diagnostics, Flanders, NJ
CD86 Goat anti-human 1:100 Santa Cruz Biotechnology, Santa Cruz, CA
CD68 Mouse anti-human 1:100 DAKO
CCL19 (MIP-3B) Mouse anti-human 1:10,000 R&D Systems, Minneapolis, MN
CCL21 (6¢cKine) Goat anti-human 1:5000 R&D Systems
CCR7 Mouse anti-human 1:1000 BD-Pharmingen, San Diego, CA
CD1a Mouse anti-human 1:100 DAKO
CD3 Mouse anti-human 1:100 DAKO
Rabbit Ig Goat anti-Rabbit 1:300 DAKO
Mouse Ig Rabbit anti-mouse 1:300 DAKO
Goat Ig Rabbit anti-goat 1:300 DAKO

stage of DC maturation. Immature or partially mature, yet
quiescent, DCs have been implicated in inducing toler-
ance, whereas fully mature DCs have the capability to
initiate T-cell growth and effector functions.'®2°

DCs pass through distinct stages in their life cycle.’ In
their immature form, they are scattered throughout pe-
ripheral tissues, where they function as sentinels to cap-
ture and process environmental antigens. If activated by
danger signals such as cytokines, heat shock proteins, or
pathogen-associated molecular patterns, DCs migrate
out of the damaged tissue and move toward lymphoid
organs. While traveling in lymph vessels, they undergo
phenotypic and functional changes. They lose CCRG,
gain expression of CCR7, up-regulate adhesion mole-
cules, and express co-stimulatory molecules on their sur-
face.?! On arrival at the lymphoid organ, they have par-
tially matured. Their endocytic activity has ceased;
instead, they have markedly increased MHC class Il ex-
pression. By preventing further antigen uptake and pep-
tide loading, surface MHC class Il molecules are stabi-
lized and DCs are now optimized to present antigen.

Here, we report that DCs participate in granuloma
formation in GCA. They are highly activated and synthe-
size chemokines typically produced by DCs that have
migrated to the T-cell zones of lymph nodes. Instead of
transporting antigens to lymphoid organs, DCs are re-
cruited to and trapped in the peripheral vascular lesions.
A subset of DCs in the vessel wall expresses the co-
stimulatory molecules necessary for T-cell activation. We
propose that the local maturation and immobilization of
DCs are critical factors in stabilizing T-cell activation and
granuloma formation in GCA.

Materials and Methods

Patients and Tissues

After approval of this study by the Mayo Clinic Institu-
tional Review Board and obtaining appropriate informed
consent, we collected temporal artery specimens from
patients undergoing diagnostic biopsy for suspected
GCA. Forty-two patients (29 female, 13 male) with typical
histomorphological findings of GCA were enrolled. The
average age at GCA onset for the patients was 71.3
years. At the time of the temporal artery biopsy, 23% of

the patients were on corticosteroids. Twenty-three pa-
tients (13 female, 10 male) lacking histomorphological
findings of vasculitis served as controls. Patients with
polymyalgia rheumatica were excluded from this proto-
col. Tissues were either immediately shock-frozen or, if
used for immunohistochemistry, were embedded in OCT
compound (Sikura Fine-Tek, Torrence, CA) and stored at
—80°C or were embedded in paraffin following routine
procedures.

Immunohistochemical Analysis

The antibodies (Abs) used in the study and their optimal
working dilutions are listed in Table 1. Paraffin-embed-
ded samples were cut into 5-um sections and deparaf-
finized in 100% xylene. Endogenous peroxidase activity
was blocked with methanol/3% hydrogen peroxide and
the sections were incubated in 5% goat or rabbit serum
(Invitrogen Life Technologies, Carlsbad, CA). Slides were
stained with primary Ab (S-100, anti-CD68) at room tem-
perature for 1 hour or overnight at 4°C in a humidified
chamber. The sections were then washed with tap water
and incubated at room temperature with biotin-conju-
gated goat anti-rabbit Ig or rabbit anti-mouse Ig Ab for 30
minutes. After washing with tap water, avidin-biotinylated
enzyme solution (ABC-IP kit; Vector Laboratories, Burlin-
game, CA) was added for 30 minutes at room tempera-
ture. Red staining was produced using 3-amino-9-ethyl-
carbazole (AEC) as the chromagen (Vector Laboratories)
for 20 to 30 minutes. Sections were counterstained with
hematoxylin solution (Surgipath, Richmond, IL) for ~5
minutes.

OCT-embedded sections of temporal arteries were
double-labeled as previously described.®' Tissue sec-
tions (5 um) were fixed with acetone for 10 minutes, dried
for 30 minutes, and soaked in 1% paraformaldehyde
solution, pH 7.4, for 5 minutes. After blocking endoge-
nous peroxidase and incubating with 5% normal rabbit
serum (Invitrogen Life Technologies), the sections were
stained for 1 hour with unconjugated primary Ab (anti-
CCR7, anti-CCL19, anti-CCL21, anti-CD1a, anti-CD83, or
anti-CD86), followed by biotin-conjugated rabbit anti-
mouse or rabbit anti-goat Ig Ab (30 minutes at room
temperature). The sections were developed with avidin/
biotinylated alkaline phosphatase (ABC-AP, Vector Lab-



Table 2. PCR Primers

CD83 5'- GTTATTGGAGGGT GGTGAAGAGAGG- 3’
5'- GTGAGGAGTCACTAGCCCTAAATGC- 3’

CCL18 5’- GGTGTCATCCTCCTAACCAAG- 3’
5'- GGAAAGGGGAAAGGATGATA- 3/
DC-SIGN  5'- GATTCCGACAGACTCGAGGA- 3’

5'- CCTACAGCTTGGATTTCTCT- 3/
CD1a 5'- CAATGCAGACGGGCTCAAG 3’
5'- GAATTGCAGI TTGAATATCCTTTTG 3’

IL-12p40 5'- TCACAAAGGAGGCGAGGT TCTA- 3’
5'- CATGACCTCAATGGGCAGACTC- 3’
CCL21 5’- CCCCAGGACCCAAGGCAGT GATGGA- 3’
5'- TGCAAGAGGACTGAGCGGT CACA- 3’
CCL19 5’- CCAATGATGCTGAAGACTCCT- 3/
5'- GCCAAGATGAAGCGCCGCA- 3’
B-actin 5’- ATGGCCACGGCTGCTTCCAGE- 3/

5'- CATGGT GGTGCCGCCAGACAG- 3/

oratories) and Vector Blue chromagen (Vector Laborato-
ries). Tissue sections were washed with tap water and
blocked with 5% rabbit serum. Each section was then
incubated for 1 hour at room temperature with the second
primary Ab (anti-CD83, anti-CD86, anti-CCR7, or anti-
CCL19) diluted in 1% rabbit serum, followed by biotin-
conjugated secondary rabbit anti-mouse |g or rabbit anti-
goat Ig Ab and the ABC-AP complex (Vector Laboratories)
using Vector Red as a chromagen. Slides were counter-
stained with hematoxylin (Surgipath) for 5 minutes. To con-
trol for nonspecific binding in the single and the double-Ab
labeling, control stains with isotype-matched primary Abs
were included. Results from two-color immunohistochemis-
try were confirmed by single-color staining on serial sec-
tions and by switching the sequence of the primary Abs.
Tissue sections were viewed by light or fluorescent micros-
copy and were photographed using an LSM-510 micro-
scopic system (Carl Zeiss Instruments, Thornwood, NY).

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Sequences of primers used in the study are listed in
Table 2. Optimal conditions for all primers were estab-
lished by amplifying cDNA samples from human tonsil or
activated peripheral blood mononuclear cells. Total cel-
lular RNA from the arteries was isolated using TRIzol
reagent (Invitrogen Life Technologies), reverse-tran-
scribed into single-stranded cDNA using AMV reverse
transcriptase (Roche Molecular Biochemicals, Indianap-
olis, IN), and amplified by PCR on a Perkin-Elmer 9600
(Perkin-Elmer, Emeryville, CA) using specific primer
pairs. The amplification protocol involved 30 cycles of
denaturation at 95°C for 60 seconds, primer annealing at
55°C for 60 seconds, and primer extension at 72°C for 90
seconds. The reaction products were visualized on
ethidium bromide-stained 1% agarose gels and digitally
documented for further analysis (GelDoc 2000; Bio-Rad,
Richmond, CA).

Transcripts for the chemokines, CCL19, CCL21, and
CCL18 were semiquantified using the LightCycler PCR
instrument (Roche Molecular Diagnostics). cDNA (1 ul)
was diluted in a total volume of 20 ul of SYBR green
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Figure 1. Topography of DCs in normal and inflamed arteries. Paraffin-
embedded temporal arteries that were either normal or affected by GCA were
stained with anti-S-100 Ab and developed with ABC-IP and AEC (Vector
Laboratories). In arteries with GCA, S-100" DCs were found in the media and
the adventitia (black arrow, media-adventitia border), often tracking with
the mononuclear infiltrates (A and B). Selected multinucleated giant cells
(GCs) were positive for the S-100 marker (C). Normal arteries contained a
distinct population of S-100" DCs arranged in the proximal adventitia along
the lamina elastica externa (yellow arrows, D). Original magnifications:
X100 (A); X400 (B-D).

master mix (Roche Molecular Diagnostics). The PCR
thermal cycling was as follows: initial denaturation at
95°C for 30 seconds, followed by 40 cycles of amplifica-
tion at 95°C for O seconds, 57°C for 7 seconds, and 72°C
for 16 seconds. Melting curve analysis was accom-
plished by 95°C for 0 seconds, 60°C for 30 seconds, and
95°C for 0 seconds.

Statistical Analysis

Quantitative cytokine transcript data from GCA and con-
trol samples were compared using the Wilcoxon signed-
rank test (SigmaStat; SPSS, Chicago, IL).

Results

DCs Are in Normal and Inflamed Temporal
Arteries

Tissue-resident DCs are a heterogeneous group of cells.
In human tonsils, only the S-100 marker (fascin, p55) is
commonly expressed by all DC subsets.?* We stained
temporal artery sections from patients with GCA and
those without vasculitis with S-100-specific Abs. All arter-
ies, including those negative for GCA, had S-100* cells
(Figure 1). In noninflamed arteries, S-100" cells were
typically located on the adventitial side of the lamina
elastica externa and were distributed in a ring-like con-
figuration (Figure 1D). Staining with anti-CD68 Ab con-
firmed that the S-100™ cells at the adventitia-media bor-
der of noninflamed arteries were phagocytic and clearly
distinct from neurons, which are S-100" and present in
the adventitia. In tissue sections from 27 patients with
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Adventitia

Figure 2. Preferential localization of $-100* DCs in the granulomatous mi-
crostructures. A diagram of the topography of DCs in tissue lesions is shown.
S-100" cells were traced and landmarks in the arterial circumference were
marked (EEL, external elastic lamina; IEL, internal elastic lamina). Two types
of $-100" DC could be distinguished, round lymphoid-like cells (light gray)
and spindle-shaped cells with dendrites (dark gray). Both DC types dis-
played preference for the media and were in close association with granu-
lomatous reactions.

mononuclear cell infiltrates and a diagnosis of GCA, fre-
quencies of S-100" DC were increased 5- to 10-fold with
cross-sections containing 50 to 100 DCs. Typically, the
DCs were associated with granulomatous formations in
the media (Figures 1 and 2). Adventitial DCs were main-
tained in arteries affected by GCA and accounted for 10
to 25 cells per section.

No unique relationship between the fragmented inter-
nal elastic lamina and DCs was found. Also, there was no
preference for DCs to co-localize with lymphocytes. How-
ever, we commonly found that selected multinucleated
giant cells were positive for S-100 (Figure 1C). Such giant
cells were intermingled with giant cells that remained
negative for the marker.

In negative arteries, the morphology of all DCs was that
of spindle-shaped cells with long membrane extensions.
In the arteries with GCA, two distinct DC morphologies
were present (Figure 1B and Figure 2). About one-half of
the S-1007 cells were large, contained vacuoles in the
cytoplasm, and had dendrites. The remaining cells were
smaller and round, resembling lymphocytes. Topo-
graphic analysis suggested that the spindle-shaped DCs
had a tendency to be aligned in linear configurations,
whereas the lymphoid DCs had no particular arrange-
ment.

Phenotyping of Arterial Wall DCs

To assign functional properties to the DCs, we used a
panel of markers for phenotypic analysis. Tissue extracts
were generated from 11 arteries with GCA and 10 arteries
negative for vasculitis. The extracts were analyzed by
reverse transcriptase (RT)-PCR for the following DC
markers: the activation marker, CD83;%3 the C-type lectin
receptor, DC-SIGN;** the chemokine, CCL18; and the
nonpolymorphic MHC class | molecule, CD1a.?® Results
are shown in Figure 3. All of the arteries with GCA and

GCA Negative
12 345678 9101112 PC

CD83
CCL18
DC-SIGN
CD1a

Figure 3. Characterization of tissue-infiltrating DCs. ¢cDNA was prepared
from temporal arteries that were either noninflamed (negative) or affected by
GCA. Gene expression of molecules typically found in tissue DCs was
examined by RT-PCR. Quality of the ¢cDNA was assessed by amplifying
B-actin transcripts. All arteries from patients with GCA contained sequences
specific for CD83 and CCL18. Weak bands for DC-SIGN were found in the
minority of samples and CDla was not detected. P, positive control; C,
negative control.

none of the noninflamed control arteries contained CD83
transcripts. Immunohistochemical staining confirmed that
almost all DCs in the GCA arteries reacted with anti-CD83
Ab and, thus, have undergone activation. None of the
DCs in negative arteries expressed the CD83 molecule,
identifying them as being immature and nonactivated.
Unlike Langerhans cells, DCs in normal and inflamed
arteries lacked expression of the CD1a molecule.

In only 4 of the 11 positive arteries and in none of the
negative arteries did we find transcripts specific for DC-
SIGN. When present, the signals were weak, indicating
that this receptor was not part of the typical markers of
arterial DCs.

Possible Antigen-Presenting Functions of DCs
in Granulomatous Vasculitis

DC-SIGN is a C-type lectin receptor that has been impli-
cated in antigen uptake and in facilitating DC/T-cell com-
munication.?® Lack of DC-SIGN expression raised the
question whether the DC network in normal arteries and
the DC populations accumulated in the granulomatous
lesions had the capacity to communicate with and
present antigens to T cells. All DCs, including resting
DCs in negative arteries, expressed the lysosomal
marker, CD68, indicating their ability for endocytosis.
When interacting with T lymphocytes, DCs release inter-
leukin (IL)-12, a cytokine considered to be crucial in
polarizing T cells toward the TH1 pathway,?”*® which is
characterized by IFN-y production. The secretion of the
bioactive p70 form of IL-12 by DCs is tightly regulated,
involving separate control of the p40 and p35 compo-
nents.?® Immunohistochemistry with anti-IL-12 Ab did not
reveal any cellular stores of this cytokine (data not
shown). We, therefore, proceeded with RT-PCR analysis
for the IL-12p40 component. As shown in Figure 4, no
IL-12p40-specific transcripts were produced in arteries
with GCA. As expected, negative arteries did not contain
mRNA for IL-12.

The absence of DC-SIGN and IL-12 reiterated the
question whether DCs in the arterial wall were able to
communicate with T cells and to act as antigen-present-
ing cells. To address this issue from another direction, we
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Figure 4. Arteries with GCA lack transcripts for IL-12. ¢cDNA samples were
prepared from temporal artery specimens and analyzed by RT-PCR for the
expression of IL-12p40. Neither negative nor positive (GCA) arteries con-
tained sequences specific for IL-12. Amplification of B-actin was performed
to assess the quality of the cDNA. P, positive control; C, negative control.

evaluated tissue sections for the expression of the co-
stimulatory molecule, CD86. CD86 was undetectable in
control arteries. In inflamed arteries, CD86 was ex-
pressed on a distinct population of cells, often in the
tunica media. Two-color analysis identified CD86 on a
subset of CD83* DCs (Figure 5, A and B). As shown in
Figure 5C, ~30 to 70% of all DCs expressed this co-
stimulatory molecule. CD83~CD86* cells were infre-
quent and were, in most cases, endothelial cells.

The demonstration of CD86 established that DCs in the
granulomatous lesions are equipped to provide a stimu-
latory and not a tolerizing signal to T cells. This interaction
does not involve the release of IL-12.
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Chemokine Production by DCs in Arteritic
Infiltrates

A major functional activity of DCs is the production of
chemokines, through which they regulate the traffic of T
cells and other DCs to and within the T-cell zones of
lymph nodes.®® CCL18 is a chemokine that is exclusively
expressed by activated mature DCs in lymphoid tissues
and has been implicated in the recruitment of naive T
cells. Activated, mature DCs also produce CCL19 and
CCL21 that guide the migration of immature DCs to the
lymphoid tissue and attract T cells to the T-cell zones.
Tissue extracts from inflamed and control arteries were
examined for the production of CCL18, CCL19, and
CCL21. Sequence-specific transcripts for all three che-
mokines were quantified by quantitative PCR in cDNA
samples that were adjusted to contain 2 X 10° copies of
B-actin mRNA. All three chemokines were transcribed at
high levels in the arteries from patients with GCA (Figure
6). CCL18 was not detected in negative arteries; without
exception, positive arteries contained transcripts for this
chemokine (median, 997 copies). Of the three chemo-
kines that were analyzed, CCL19 was most abundant

Figure 5. Expression of co-stimulatory CD86 by tissue-infiltrating DCs in
GCA. Frozen sections from temporal artery specimens were stained with Abs
against CD86 (A) and CD83 (B). A subset of CD83" DCs expressed CD86
(yellow arrows; CD83"CD86~, white arrows). To determine the fre-
quency of CD86-expressing DCs, frozen sections were either double-labeled
with anti-CD83 and anti-CD86 Abs or serial sections were individually stained
with the two Abs. Results of both experimental approaches were identical.
Frequencies of CD86*CD83* DCs were determined. Results from six patients
are shown (C). Original magnifications, X200 (A and B).
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Figure 6. Tissue production of CCL18, CCL19, and CCL21 in temporal arter-
ies affected by GCA. ¢cDNA was prepared from tissue extracts of temporal
artery specimens. Transcripts for B-actin, CCL18, CCL19, and CCL21 were
determined using quantitative PCR. Concentrations of chemokine transcripts
were adjusted to 2 X 10° B-actin copies and are shown as box plots (median
and 25th and 75th percentiles) with whiskers marking the 10th and 90th
percentiles. Transcripts of all three chemokines were abundant in arteries
with vasculitis. Control arteries were negative for CCL18 and CCL19 but
contained low numbers of CCL21 mRNA.

with low levels being detectable in noninflamed arteries.
Control arteries contained a median of 172 CCL19 tran-
scripts whereas arteries with GCA had a median of 7963
copies. Although tissue production of CCL21 was greatly
increased in arteries with vasculitis (median, 1433 cop-
ies), baseline transcription was also found in tissues free
of inflammation (median, 223 copies). The numbers of
CCL18- and CCL19-specific transcripts were closely cor-
related, whereas the level of CCL21-specific sequences
could not be predicted from the production of the two
other chemokines.

To identify the cellular sources for these chemokines,
we proceeded with staining for CD83 and either CCL19
or CCL21. Representative results from staining of tempo-
ral artery cryosections are shown in Figure 7; Ato D. The
vast majority of cells positive for the activation marker,

CD83, also expressed CCL19 and CCL21 protein. By
combining two-color staining with serial section analysis,
we were able to demonstrate that activated DCs in the
media produced both CCL19 and CCL21. Synthesis of
CCL19 and CCL21 protein was not bound to the mor-
phology of the DC, both types of DCs were stained by
CCL19- and CCL21-specific Abs. DCs in the adventitia
were indistinguishable from those in the media in terms of
CD83 expression and chemokine production.

Although CD83" DCs were the major source for
CCL19 and CCL21, they were not the only cells produc-
ing these chemokines. Weaker staining with anti-CCL19
Ab was occasionally found in macrophages in the media.
Also, in some patients, endothelial cells of the vasa va-
sorum were positive for CCL19. In GCA, new capillaries
are formed in the media and the hyperplastic intima.
These microvessels remained negative for CCL19.
CCL21 had a more restricted expression pattern. Macro-
phages did not express CCL21, but occasionally CCL21-
specific Ab bound to endothelial cell layers of adventitial
vessels.

Expression of CCR7 on Dendlritic Cells

CCL19 and CCL21 are instrumental in the migration of
DCs to the T-cell zones of secondary lymphoid organs.
Maturing DCs switch their chemokine receptor profile
and become responsive to CCL19 and CCL21,°" are
recruited to the T-cell zones, and begin to produce these
two chemokines, themselves. Receptors that can be trig-
gered by CCL19 and CCL21 are expressed on naive T
cells. DCs producing CCL19 and CCL21 can, therefore,
attract naive T cells to optimize the chance of finding an
antigen-specific T cell for priming.®©

In the vascular lesions of GCA, almost all T cells are
memory T cells. To determine whether the CCL19 and
CCL21 synthesized in the arterial wall contributed to the
disease process, we identified the cells expressing the
appropriate receptor, CCR7. Lymphocytes in the vascu-
lar infiltrates were negative for CCR7, but CD83" DCs
consistently expressed the CCR7 protein. Representative
results from the analysis of 12 different temporal artery
samples are shown in Figure 7, E and F. Expression of
CCR7 on DCs was consistently linked to CD83 positivity.
DCs in different locations (Figures 1 and 2) possessed
CCRY7. There was no other cell in the arterial wall that
expressed CCR7.

Discussion

GCA is a T-cell-dependent disease with the formation of
tissue-damaging granulomas and the clonal expansion of
CD4 T cells in the lesion.®2 Here, we report that DCs
participate in the granulomatous reactions and that at
least some of them have the molecular equipment to
interact with T cells and to trigger T-cell immunity. DCs
have mostly been regarded as migratory cells that cap-
ture antigen in the periphery and transport it to secondary
lymphoid tissues to find antigen-specific T cells.® Re-
cently, DCs have also been recognized as critical regu-
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Figure 7. Production of CCL19 and CCL21 and expression of CCR7 by DCs in the granulomatous lesions. Two-color immunohistochemistry of frozen sections of
temporal arteries from patients with GCA was used to identify the cellular source of CCL19 and CCL21. Top: Tissue sections were stained with anti-CCL21 (A),
anti-CCL19 (C), and anti-CCR7 (E) Abs. Antibody binding was detected with Vector Blue. Bottom: DCs were identified with anti-CD83 Ab and Vector Red. Serial
tissue sections were used to stain for CCL21 (A)- and CCL19 (C)-producing cells, which demonstrated that both chemokines derived from the same cell population.
CCR7 (E) was exclusively found on CD83" DCs (F), whereas tissue-infiltrating T cells were negative for this chemokine receptor. Original magnifications, X400.

lators of tolerance.’ Their roles in priming naive T cells
and transmitting tolerogenic signals to self-reactive T
cells are linked to their unique migratory capabilities.®®
Indeed, antigen ingestion and processing is best per-
formed by immature DCs, whereas T-cell stimulation re-
quires fully mature DCs that have passed through devel-
opmental stages and have switched their program from
endocytic cells to antigen-presenting cells.®** The DCs
accumulating in the vascular lesions of GCA break with
this paradigm. Localized in peripheral tissue, they have
lost the ability to migrate to lymphoid organs. Instead,
they are captured in the peripheral lesion through an
autocrine or paracrine mechanism, releasing chemo-
kines that react to receptors on their own surface. Essen-
tially all of them have reached full maturation, as indi-
cated by the surface expression of CD83 and the
production of CCL18, CCL19, and CCL21. Half of them
possess the co-stimulatory molecule, CD86, and are able
to function in antigen-specific T-cell stimulation. Despite
the key role of IFN-y in GCA, DC/T-cell interaction does
not involve the secretion of IL-12; IL-12p40 transcripts are
not present in the lesions. In essence, granulomas in
GCA include highly active DCs that are trapped in the
peripheral tissue and, because of their nonmigratory be-
havior, may directly contribute to the breakdown of toler-
ance in this tissue site.

An important finding of the current study is the pres-
ence of DCs as natural residents in the arterial wall.
These DCs, sitting on the outside of the lamina elastica
externa, may have a role as sentinels, raising the ques-
tion as to the type of antigens that could be encountered
in this unique microenvironment. In medium- and large-
size arteries, the intima and tunica media are avascular.

Capillaries, deriving from vasa vasorum, are restricted to
the adventitia. The wall of the artery is partially supplied
by diffusion from the macrolumen. Antigens may pene-
trate through the wall, en route from the lumen to the
draining vessels in the adventitia, where they are sam-
pled by DCs at the media-adventitia border. It will be
important to understand the functional role of DCs in
normal arteries because they may be a key in the estab-
lishment of inflammatory lesions in this territory. Our stud-
ies demonstrate that DCs in noninflamed arteries are
immature and resting. Possibly, they represent tolero-
genic DCs that protect this microenvironment from in-
flammation.

Arteries with GCA contain large numbers of DCs that
have undergone full maturation and release chemokines.
Such DCs were encountered in two microenvironments,
the granulomas in the media and in the adventitia. Gran-
ulomas are formed by the immune system to deal with
intracellular microbes and antigens that are difficult to
digest. Perhaps, DCs may participate in the granuloma
reaction by sampling the antigenic content at this tissue
site. We have previously reported that the media is under
oxidative stress, not unexpected in areas of granuloma
formation.?® Membranes of medial smooth muscle cells
and mononuclear cells are attacked by lipid peroxidation,
and the cells respond to oxidative stress with the induc-
tion of genes such as aldose reductase. It is unlikely that
this microenvironment would be suitable for the estab-
lishment of DC/T-cell clusters, which could induce the
response of antigen-specific T cells. Accordingly, we
have found that activated T cells have a preference for
the adventitia.” How DCs maneuver in the lesion, and
how they find T cells and establish contact to them is not
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known. Morphological analysis demonstrated that DCs in
the media were not surrounded by T cells.

DCs are prone to leave the peripheral tissue and mi-
grate to lymphoid organs unless they have reached a
developmental stage that is associated with the expres-
sion of CCR7. CCRY7 is bound by CCL19 and CCL21, two
chemokines readily available in the lesion.®® Production
of CCL19 and CCL21 and expression of the complemen-
tary receptor by the same cell prevents migration of DCs
and instead secures their capture at the site. Also, CCR7-
expressing DCs could be recruited from outside and,
instead of homing to lymphoid organs, could contribute
to peripheral inflammatory lesions. In preliminary experi-
ments, we have seen low frequencies of CD83"CCR7*
cells circulating in the blood. Such cells could gain dis-
ease relevance by supplying the vascular lesions with
DCs and possibly ferrying in antigens from outside.

If DCs in granulomatous lesions are in an antigen
collection mode, they will inevitably endocytose self-an-
tigens. Tolerance induction by DCs has been assigned to
only partially matured DCs, which is certainly not the case
for arterial wall DCs. Alternatively, it has been suggested
that the dual role of initiating T-cell immunity and inducing
tolerance may reflect the involvement of distinct lineages
of DCs. Morphological analysis of S-100" DCs in GCA
arteries demonstrated two distinct types, small round
cells, possibly representing plasmacytoid DCs, and spin-
dle-shaped DCs representing the myeloid subtype. It is
almost impossible to assign a unique surface phenotype
to these plasmacytoid or lymphoid-like DCs in situ.?? They
reportedly express CD68, CD4, and CD123, an IL-3 re-
ceptor chain. This panel of markers is also expressed on
macrophages. Thus, a clear distinction between this DC
subset and macrophages in the tissue cannot be
achieved. Alternatively, small lymphoid-like DCs may not
represent a distinct lineage but could instead be precur-
sors of large DCs with dendrites. However, we have not
seen any differences in markers of DC differentiation,
such as chemokine production or CD83 expression, be-
tween these types of cells. Based on their cell surface
profile, there is no evidence that the two cell types serve
different functions. In particular, neither cell type in the
active GCA lesion appears to be tolerogenic. The mere
presence of sufficient numbers of activated DCs in a
peripheral lesion may create the condition for autoreac-
tivity and, as such, is a risk factor for chronic disease.

CCR7 was exclusively detected on DCs and not on T
cells. Recent reports have stated that CCR7 can be rap-
idly down-regulated after ligand binding.*® This mecha-
nism obviously does not apply to DCs because they
remained positive for the receptor despite being sur-
rounded by CCL19- and CCL21-producing cells. One
possibility is that these cytokines and their receptors
guide DCs within the lesion. Particularly, the spindle-
shaped DCs were often arranged in chains, raising the
possibility that such cells are polarized in the tissue and
follow a pathway created by a local chemokine gradient.

A surprising finding was the absence of IL-12, a quint-
essential DC product involved in regulating the differen-
tiation of T cells into functionally distinct subsets.?” DCs
have been implicated in inducing both TH1 and TH2

responses, depending on the presence or absence of
IL-12. T-cell populations in the inflamed temporal artery
fulfill all criteria of TH1 cells. IL-4 is essentially absent,
whereas IFN-y has been closely linked to T-cell and
macrophage activation.3”=3° |L-12 production by DCs is
known to require several factors, including microbial
products, CD154, contact with activated T cells, and the
appropriate cytokine milieu.?® On the other hand, IL-12
release by DCs has been found to be under tight tempo-
ral control. DCs have been described to enter a stage of
exhaustion after producing an IL-12 pulse.*® Neverthe-
less, it is highly unlikely that all DCs in the vascular
lesions would be exhausted if IL-12 is critical in directing
T-cell responses. Previous studies have demonstrated
that T-cell priming does not occur in the vessel wall.>®
Rather, identical CD4 T-cell clonotypes have been iso-
lated from the right and the left temporal arteries of the
same patient. This finding suggests that T cells are
primed outside and then seed the arterial wall. For such
primed T cells, IL-12 may no longer be a necessary
regulator in IFN-y production. We have evidence that
IL-18, a cytokine important in enhancing IFN-vy transcrip-
tion, is abundantly produced in GCA arteries (CMW and
JJG, unpublished observations).

DCs are critical in the activation of naive T cells. The
findings of this study demonstrate that DCs remain an
important partner for T cells in established lesions that
are composed of memory T cells. Based on the manda-
tory expression of CD86 to function as antigen-present-
ing cells, T cells have surprisingly few options to be
stimulated in the arterial tissue. The vast majority of
CD86-expressing cells were DCs, making this cell type
central in the granulomatous reaction. Several other cell
types participating in the vascular infiltrates, particularly
macrophages, endothelial cells, and smooth muscles
cells, have been suspected to acquire antigen-present-
ing capabilities. This seems not to be case, although a
small number of endothelial cells were positive for CD86
and, thus, may serve as antigen-presenting cells. With
the expression of CCR7 and the secretion of CCR7-
binding chemokines, DCs in the vessel wall lesion are
literally trapped, and, instead of traveling to lymphoid
organs, they create a microenvironment for effective T-
cell stimulation in the tissue. The capturing of DCs in the
tissue site may represent a key event in breaking toler-
ance and allowing for the establishment of adaptive im-
mune responses in the artery. This model proposes that
molecular pathways regulating DC trafficking predis-
poses individuals to develop GCA and that trapping of
DCs by paracrine mechanisms contributes to the self-
sustaining nature of granulomatous reactions and the
chronicity of this vasculitis. Indeed, it is clinical experi-
ence that the vascular inflammation in GCA is not asso-
ciated with any regional lymphadenopathy. If DCs func-
tion by sampling antigens in the center of the tissue lesion
and process them for T-cell recognition, self-antigens
would inevitably be represented in the antigen pool. It is
difficult to envision how DCs at a tissue site could distin-
guish between exogenous antigens that need to be rec-
ognized and those that result from damage to host cells.
Misdirected, mature DCs, unable to leave the tissue site



yet loaded with self-antigens, and equipped with T-cell-
stimulatory properties, can jeopardize peripheral toler-
ance and maintain a disease lesion.
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